Cancer is a disease characterized by dysregulation of multiple genes and is associated with symptoms such as cachexia, anorexia, fatigue, depression, neuropathic pain, anxiety, cognitive impairment, sleep disorders and delirium (acute confusion state) in medically ill patients. These symptoms are caused by either the cancer itself or the cancer treatment. During the past decade, increasing evidence has shown that the dysregulation of inflammatory pathways contributes to the expression of these symptoms. Cancer patients have been found to have higher levels of proinflammatory cytokines such as interleukin-6. The nuclear factor (NF)-kB is a major mediator of inflammatory pathways. Therefore, antiinflammatory agents that can modulate the NF-kB activation and inflammatory pathways may have potential in improving cancer-related symptoms in patients. Because of their multitargeting properties, low cost, low toxicity and immediate availability, natural agents have gained considerable attention for prevention and treatment of cancer-related symptoms. How NF-kB and inflammatory pathways contribute to cancer-related symptoms is the focus of this review. We will also discuss how nutritional agents such as curcumin, genistein, resveratrol, epigallocatechin gallate and lycopene can modulate inflammatory pathways and thereby reduce cancer-related symptoms in patients.
Introduction
As the disease of cancer progresses, patients develop multiple symptoms that can impair their function and quality of life. The symptoms common in cancer patients include cachexia, anorexia, fatigue, depression, neuropathic pain, anxiety, cognitive impairment, sleep disorders and delirium (acute confusion state). These symptoms can result from the disease itself or can be produced by the treatment of disease, including surgery, chemotherapy and radiation ( Figure 1 ). 1, 2 For example, patients undergoing chemotherapy or radiotherapy report significant fatigue during the course of treatment. 3 -5 In one study, the prevalence of cancer-related fatigue among untreated patients was 75%, with even higher prevalences in patients treated with chemotherapy or radiotherapy. 6 Cancer survivors can continue to experience symptoms even when their disease is in remission or after treatment has ended. For example, cancer survivors of bone marrow transplantation reported cognitive impairment and emotional distress many years after the transplant. 7 -9 How cancer patients develop such symptoms is not properly known; however, different contributing physiological and psychosocial factors have been proposed. 10 Mounting evidence has indicated that inflammatory cytokines such as interleukin (IL)-6, IL-1b and IL-10 and tumor necrosis factor (TNF)-a produced by the disease or the treatment contribute to these symptoms (Table 1) . 1,2,11 -14 These inflammatory cytokines are regulated by the proinflammatory transcription factor, nuclear factor (NF)-kB ( Figure 2) . A recent study of lung cancer patients showed that polymorphisms in the cytokine genes IL1A and IL1B were important risk factors for the disease. 15 Another study of the same patients showed that cytokine genes were also important in the development of the risk for pain severity. 16 The role of TNF-a in producing symptoms in cancer patients was evident from one study. Combinations of recombinant TNF-a (rTNF-a) and recombinant interferon (rIFN)-g was given by intramuscular injections for five consecutive days every two weeks for a total of four weeks to 25 patients with metastatic cancer. Administration of cytokines was associated with fever, chills and fatigue in patients, and severity of symptoms corresponded to increasing cytokines dose levels. 17 Similarly, chemotherapeutic agents have also been shown to induce proinflammatory cytokines and pain. For example, co-administration of vincristine in combination with granulocyte -macrophage colony-stimulating factor markedly increased the severity and magnitude of treatment-induced pain and other neurological impairments. 18, 19 The cytokines IFN a/g, TNF-a, IL-1 and IL-6 are increased in vitro by cisplatin, 20 -22 paclitaxel, 23, 24 and both ionizing and ultraviolet irradiation. 25 -27 These chemotherapy drugs have also been shown to activate the NF-kB signaling pathway. 28 There is now ample evidence that multiple symptoms can occur simultaneously and can have an additive effect on cancer patients. 1,29 -33 Thus it is likely that these symptoms are multifactorial in nature and caused by dysregulation of multiple genes. However, most currently available therapies are based on the modulation of a single target. Therefore, treating only one target might be potentially unsuccessful. 34 In addition, these drugs are unsafe and expensive. Therefore, the current paradigm for treatment is either to combine several monotargeted drugs or to design drugs that modulate multiple targets. Recent research has indicated that nutraceuticals derived from nutritional sources are naturally multitargeting, and are less expensive, safer and immediately available. 35, 36 In fact, some nutraceuticals such as curcumin, genistein, resveratrol, epigallocatechin gallate (EGCG) and lycopene have been shown to reduce symptoms through modulation of inflammatory molecules. These nutraceuticals are chemically diverse ( Figure 3 ) and affect production of various inflammatory cytokines (Table 2) .
In this review, we describe how NF-kB-mediated inflammatory molecules contribute to cancer-related symptoms. We also discuss how nutritional agents can affect cancerrelated symptoms by modulating inflammatory cytokines.
NF-kB and inflammatory pathways
Inflammation is a biological process that represents the response of an organism to infection or injury. 37 In most cases, the inflammatory response is resolved by the release of endogenous anti-inflammatory cytokines and by the accumulation of intracellular negative regulatory factors. However, when the inflammatory conditions are persistent, or when resolution mechanisms fail, a state of chronic inflammation ensues that can lead to loss of normal physiological functions. Extensive research in recent years has indicated that chronic inflammation leads to various chronic disorders associated with cancer. 38 -42 A central role in the induction of chronic inflammation is played by a set of genes encoding proinflammatory cytokines such as IL-1, IL-2, IL-6, TNF-a and monocyte chemotactic protein 1.
What is common to all these molecules is that they are regulated by the transcription factor NF-kB ( Figure 2 ). 43 -45 This makes NF-kB an appealing target for therapeutic intervention. A number of compounds have been identified that can suppress NF-kB activation, including antioxidants, protease inhibitors, proteasome inhibitors, salicylates, immunosuppressants and anti-inflammatory agents. 46 Some NF-kB-regulated cytokines, such as TNF-a and IL-1b, in turn regulate NF-kB itself. 47 Numerous lines of evidence from preclinical and clinical studies have shown that NF-kB and NF-kB-mediated proinflammatory cytokines play a central role in the progression of cancer-related symptoms. 1,11,48 -50 For instance, administration of selective inhibitors of the NF-kB pathway was shown to abrogate the expression of cytokines such as IL-1b and TNF-a in animal models of chronic inflammation. 51, 52 In patients with myelodysplastic syndrome and acute leukemia, a correlation was observed between the severity of symptoms and increased levels of cytokines (TNF-a, IL-6, IL-8). 53 Similarly, patients without cancer have also been shown to display many of the symptoms of cancer patients after receiving cytokine therapy. For example, patients with hepatitis C virus infection and those with acquired immunodeficiency syndrome (AIDS) who received IFN-a therapy had symptoms of pain, fatigue, cognitive impairment and depression. 54 -56 In another study, IL-6 was found to induce fatigue, inactivity and poor concentration when administered to normal subjects. 57 These studies unequivocally indicate that NF-kB-regulated cytokines play a significant role in the development of cancer-related symptoms.
NF-kB is a dimeric transcription factor formed by the homodimerization or heterodimerization of Rel family proteins, including c-Rel, RelA ( p65), RelB, NF-kB1 ( p50 and its precursor p105) and NF-kB2 ( p52 and its precursor p100). It was first discovered in 1986 by Sen and Baltimore 58 in the nucleus, bound to an enhancer element of the immunoglobulin kappa light chain gene in B-cells. NF-kB is now known to be ubiquitous in nature, present in all cell types in an inactive form in the cytoplasm and evolutionarily conserved. 59, 60 NF-kB is maintained under such an inactive cytoplasmic form by virtue of its association with the inhibitory molecule IkB. NF-kB is activated in response to diverse stimuli such as stress, diet, chemotherapeutic agents and microbial infection. 60 -63 NF-kB is also found active under some disease conditions such as obesity and addiction ( Figure 2 ). 64, 65 The NF-kB inducers act through distinct signaling pathways that converge on the activation of an IkB kinase (IKK). IKK activation initiates IkB phosphorylation at specific amino-terminal serine residues (Ser 32 , Ser 36 ), 66 followed by ubiquitination at lysine residues (Lys 21 , Lys 22 ) and subsequent degradation by 26S proteasome. 67 The active NF-kB dimer is then translocated to the nucleus where it binds to the enhancer elements of target genes.
Role of inflammatory molecules in cancer-related symptoms

Role of inflammatory molecules in cachexia
Cachexia is a frequently observed symptom among cancer patients. It is characterized by profound loss of both Wild-type mice implanted with LLC had enhanced loss of fat and muscle concomitant with activation of the ubiquitin -proteasome pathway that was absent in TNF-a receptor type I deficient mice 75 
Colon
Mice bearing colon-26 adenocarcinoma exhibited cachexia in association with a significant increase in TNF-a 76 
Random
Skeletal muscle of cancer cachectic patients exhibited increased expression and activity of the TNF-a signaling pathway 77 
Lung
Increased level of serum TNF-a in cachexia patients compared with those without cachexia 78 
IL-6
Colon Mice bearing colon-26 adenocarcinoma exhibited cachexia in association with a significant increase in IL-6 76 
Pancreas
Serum from cachectic patients exhibited an elevated IL-6 79 
IL-1b
Squamous Wild-type mice had less lean body mass and fat mass and increased IL-1b compared with the TLR-non-functional mice 80 Anorexia IL-1a Sarcoma Tumor-bearing rats exhibited negative correlation between CSF IL-1a and food intake 85 
Sarcoma
Intrahypothalamic microinjections of IL-1ra were associated with an improvement in food intake in tumor-bearing rats 86 
IL-1b
Prostrate Rats bearing prostrate tumor cells developed anorexia that was associated with enhanced IL-1b in cerebellum, cortex and hypothalamus regions of the brain 87 Fatigue IL-6
Random A significant correlation between IL-6 and fatigue in cancer patients 92 
Colorectal
Significant correlation between IL-6 and fatigue in patients 32 adipose tissue and skeletal muscle. 68 Suppression of protein synthesis and induction of protein degradation through the induction of unfolded protein response have been proposed as mechanisms of cachexia. 69, 70 Evidence for the role of proinflammatory molecules in the induction of cachexia comes from animal studies, with supporting evidence from work with humans. 71, 72 In particular, TNF-a, IL-1b and IL-6 have been proposed as mediators of cachexia. 73 The role of TNF-a in the development of cancer cachexia is evident from a number of animal studies. In one study, rats bearing Yoshida AH-130 hepatoma cells showed enhanced protein degradation in gastrocnemius muscle, heart and liver. When these animals were administered anti-TNF-a, a decrease in protein degradation was observed, suggesting the involvement of TNF-a in the protein degradation process. 74 The role of TNF-a in cancer cachexia was evident from another study in which cachexia-inducing Lewis lung carcinoma was implanted in wild-type mice and mice deficient for TNF-a receptor type I protein. Whereas the wild-type mice had a loss of both fat and muscle, in the gene-knockout mice, muscle wastage was not present to the same extent. In both groups, however, tumor burden resulted in significant increases in circulating TNF-a. Muscle wastage in wild-type mice was accompanied by an increase in the rate of protein degradation and a decrease in protein accumulation. The increase in protein degradation in the tumor-bearing wildtype mice was accompanied by an enhanced activation of the ubiquitin -proteasome pathway. Tumor-bearing genedeficient mice did not show any increase in gene expression. It was concluded that TNF-a is responsible for the activation of protein breakdown in skeletal muscle of tumor-bearing mice. 75 The role of TNF-a in inducing cachexia was evident from another mouse model bearing colon-26 adenocarcinoma. These mice developed cachexia in nine days that was associated with a significant increase in TNF-a. 76 The correlation between TNF-a and cancer cachexia is evident from clinical studies as well. For example, in a recent study of patients with muscle wasting due to cancer, skeletal muscle of cachectic patients exhibited increased expression and activity of the TNF-a signaling, including TNF-a mRNA, activation of TNF receptor (TNFR) 1 and TNF-a-associated to TNFR1. 77 Similarly, in a group of lung cancer patients, a significant increase in serum TNF-a was observed in the cachectic patients compared with patients without cachexia. 78 In a few models of cancer, cachexia has been correlated with significant increases in IL-6. For example, mice implanted with colon-26 adenocarcinoma developed cachexia concomitant with a significant increase in IL-6. 76 The mechanism behind aggressive development of cachexia in patients suffering from pancreatic cancer was investigated in one study that used pancreatic specimens obtained from non-cachectic and cachectic patients diagnosed with pancreatic ductal adenocarcinoma. 79 Among numerous analyzed factors, IL-6 was significantly overexpressed in pancreatic specimens and elevated in the serum of cachectic patients. These results suggest that IL-6 is a prominent cachexia-associated factor in pancreatic cancer. 79 Whether mice unable to mount an intact inflammatory response because of a defect in the Toll-like receptor (TLR) pathway will develop less cancer cachexia was investigated recently. 80 Both wild-type and TLR-non-functional mice were inoculated with squamous carcinoma cells and compared. The wild-type mice weighed less on average than the TLR-non-functional mice. The wild-type mice had less lean body mass and fat mass and increased IL-1b compared with the TLR-non-functional mice. These results indicated that the impaired ability to secrete IL-1b may protect TLR-deficient mice from developing severe cancer cachexia. 80 One study of gastric cancer patients from China examined the predictive value of IL-1b gene polymorphism for cachexia. Of the four alleles (IL-1b-31 T/C, 2511 C/T, þ3954 C/T, IL-1RN), IL-1b þ 3954 C/T was found to be a major risk for cachexia in gastric cancer patients. 81 
Role of inflammatory molecules in anorexia
Like cachexia, anorexia is a frequent symptom among cancer patients. Anorexia is defined as the loss of the desire to eat, which frequently leads to reduced food intake. The pathogenesis of cancer anorexia is complex and multifactorial, implying perturbations of the physiological regulation of eating behavior at the hypothalamic level. 82 In healthy individuals, peripheral signals are integrated by the hypothalamus to modulate energy intake. In cancer patients, however, increased cytokine expression in the brain prevents the hypothalamus from responding appropriately to peripheral signals, by persistently activating anorexigenic systems and inhibiting prophagic pathways. 83 Hypothalamic monoaminergic neurotransmission has been reported to contribute to these effects. 84 Opara et al. 85 found a negative correlation between cerebrospinal fluid IL-1a and food intake in a tumor-bearing rat model. Consistent with these data, intrahypothalamic microinjections of IL-1-receptor antagonist (IL-1ra) were associated with improvement in food intake in Figure 2 Regulation of inflammatory cytokines through activation of nuclear factor kB (NF-kB). NF-kB is activated in response to various stimuli, including stress, diet, chemotherapeutic agents, infection and also by disease conditions such as obesity and addiction. The inflammatory molecules may induce symptoms in cancer patients. IL, interleukin; TNF-a, tumor necrosis factor a; MCP-1, monocyte chemotactic protein-1 (A color version of this figure is available in the online journal) sarcoma-bearing rats. 86 The mRNA profiles of IL-1b in the cerebellum, cortex and hypothalamus were investigated in a rat model bearing prostate tumor cells. These rats developed anorexia in association with an upregulation of IL-1b mRNA in their brain regions. 87 In a few cases, cancer chemotherapeutic drugs have been shown to induce proinflammatory cytokines and anorexia. For example, the cancer chemotherapy drug etoposide (VP-16) activated p38 mitogen-activated protein kinase (p38MAPK) and induced IL-6 production in murine macrophages in a p38 MAPK-dependent manner. Etoposide administration rapidly increased serum levels of IL-6 in healthy mice and induced decreases in food intake, body weight, hemoglobin level and voluntary wheel-running activity. 88 Although the role of cytokines in cancer anorexia is supported by a number of experimental models, a few studies failed to show a direct correlation and suggested the involvement of the nitric oxide pathways and the systemic or local production of eicosanoids. 89 
Role of inflammatory molecules in fatigue
Fatigue is one of the most commonly reported symptoms in patients with cancer. 90, 91 Such fatigue may be caused both by the disease itself and by cancer treatments. In addition, sleep disturbances, environmental conditions, activity level and nutritional status may also contribute to fatigue.
There is growing evidence that inflammatory molecules play a major role in the pathogenesis of fatigue. 13 IL-6 is one of the most widely studied cytokines with the potential to induce cancer fatigue. For example, one study examined the association between fatigue and plasma IL-6 in 46 cancer patients; the IL-6 level was significantly higher in patients with clinical fatigue than in those without fatigue. 92 In patients with metastatic colorectal cancer, high concentrations of IL-6 were associated with fatigue and appetite loss. 93, 94 Similarly, fatigued breast cancer survivors could be distinguished from non-fatigued survivors by their significant increases in monocyte production of IL-6 after lipopolysaccharide (LPS) stimulation. 95 An elegant study conducted by Schubert and colleagues found a significant positive correlation between fatigue and circulating levels of inflammatory cytokines in cancer patients. Further analysis of individual inflammatory markers revealed significant positive correlations between fatigue and IL-6 and between fatigue and IL-1ra. 96 A correlation between IL-6 and fatigue was also found in a study of patients with Castleman disease. Castleman disease is a lymphoproliferative disorder characterized by constitutional inflammatory symptoms and dysregulated IL-6 overproduction. Treatment of these patients with humanized monoclonal antibodies against IL-6 was associated with relief from fatigue immediately after the first administration of anti-IL-6. 97 Some studies have shown that enhanced production of cytokines after cancer treatment is correlated with fatigue. For example, serum concentrations of IL-6 and IL-10 were found to be significantly correlated in patients undergoing concurrent chemoradiation therapy for locally advanced non-small-cell lung cancer. Further analysis indicated that the increase in IL-6 was associated with the severity of the fatigue. 98 Another cytokine with a role in cancer-related fatigue includes TNF-a. 95 In a few cancer types, NF-kB activity has been found to be directly correlated with fatigue. For example, a study using genome-wide microarray analysis found a significant correlation between NF-kB activity and cancer-related fatigue in breast cancer survivors. 99 In a few studies, inflammatory molecules were not found to be correlated with cancer-related fatigue. For example, in one study, serum levels of inflammatory molecules from cancer individuals with early-stage breast and prostate cancers were assessed before, during and after a course of radiation therapy. A significant increase in fatigue during radiation treatment was observed in these individuals.
Although changes in C-reactive protein (CRP) and IL-1ra were positively associated with increases in fatigue symptoms, IL-1b and IL-6 were not associated with fatigue. 100 Another study of Norwegian long-term survivors of testicular cancer investigated the circulating levels of various inflammatory markers in relation to chronic fatigue. Higher levels of IL-1ra and CRP were found in patients compared with controls, but no difference was observed for IL-6. 101 Schubert et al. 96 also found no correlation between fatigue and IL-1b or TNF-a in cancer patients.
Some studies have shown beneficial effects of inflammatory molecules against cancer-related fatigue. For example, although IL-6 is considered proinflammatory, there is substantial evidence for anti-inflammatory properties of IL-6, in that it decreases the production or activity of IL-1b and TNF-a. Exercise-induced IL-6 production was shown to decrease the TNF-a levels in skeletal muscle of TNF-a transgenic mice. 102 Furthermore, muscle-derived IL-6 has been proposed as a mechanism for the beneficial effects of exercise against cancer treatment-related fatigue. 103 
Role of inflammatory molecules in depression
Depression, one of the well-defined symptoms in cancer patients, is characterized not only by depressed mood but also by alterations in appetite, sleep, activity levels and cognitive functions. Prevalence rates for depression in patients with cancer have been reported to range from 1.5% to 50%. 104 Depression has also been shown to increase as disease severity intensifies. 105 Inflammatory molecules, especially IL-6, may play an important role in the pathophysiology of depression in cancer patients. For example, one study examined the efficacy of IL-6 as an adjunct to the diagnosis of depression in cancer patients. Depression was associated with increased plasma concentrations of IL-6. 106 In another study, a close association was observed between plasma IL-6 and facets of depression in epithelial ovarian cancer patients. 107 Table 2 Effect of common nutritional agents on cancer-related symptoms Curcumin † Significantly attenuated fatigue in an immunologically induced mouse model concurrent with a significant reduction in serum TNF-a 162 † Reduced fatigue in a mouse model in association with decreased IL-b, IL-6, and TNF-a in soleus muscle 163 † In combination with insulin significantly reduced neuropathic pain and TNF-a level in diabetic mice 164, 165 † Chronic treatment with curcumin (60 mg/kg) significantly attenuated cognitive deficits and serum TNF-a in diabetic rats 166 The association between IL-6, TNF-a, depression and stressful life events in patients with acute leukemia was investigated. Significant elevations in IL-6 gene expression, fatigue and perceived stress were observed among depressed patients compared with the non-depressed group. Although TNF-a was not associated with depression, it was associated with leukemia. 108 Musselman et al. investigated whether cancer patients with pancreatic, esophageal or breast cancer with and without major depression exhibit immune system abnormalities similar to those reported in medically healthy (without cancer) subjects with depression. Cancer patients with depression had markedly higher plasma concentrations of IL-6 than did healthy comparison subjects or cancer patients without depression. 109 In a few cases, cancer treatment has been shown to increase depression and cytokine expression. For example, an increased serum concentration of IL-6 was correlated with depressive symptoms in patients undergoing abdominal surgery. 110 Similar observations have been reported in breast cancer patients 111, 112 Although a number of studies have shown a close association between cytokines and depression, a few reports were unable to find a correlation. For example, circulating levels of IL-6, soluble IL-6 receptor (sIL-6R), TNF-RII and soluble intercellular adhesion molecule were found to be almost the same among cancer patients with and without depression. 113 
Role of inflammatory molecules in neuropathic pain
Neuropathic pain is defined as pain 'initiated or caused by a primary lesion or dysfunction in the nervous system' or 'arising as a direct consequence of a lesion or disease affecting the somatosensory system'. 114 Cytokines have key roles in the pathogenesis of several preclinical models of neuropathic and inflammatory pain. For example, LPS-induced hyperalgesia (increased sensitivity to pain) has been shown to be blocked by antagonists to IL-1. 115 -117 Similarly, glial fibrillary acidic protein-positive activated astrocytes 118, 119 that are the source for TNF, IL-1b, IL-15 and IL-6 120 -123 are increased in the spinal cord segments to which the nerves affected by neuropathic pain project. Cytokines produce neuropathic pain by directly producing discharges of nociceptors 124, 125 and by altering the trafficking of growth factors along nerve fibers. This results in phenotypic changes in sensory endings, 126 by inducing an alteration of glial-cell-mediated support of neural activities 127 or by inducing the degeneration of neurons and the retraction of cell processes. 128 Neuropathic pain is recognized as a common consequence of cancer, the major causes being cancer treatment and direct infiltration of nerves by cancer cells. 13, 129, 130 The role of inflammatory molecules in inducing neuropathic pain in cancer patients has been shown by few studies. Liu et al. recently demonstrated that tactile allodynia and spontaneous pain of female rats with tibia tumors were correlated with the increase of both phosphorylated-p38MAPK and IL-1b and TNF-a in the spinal cord of rats. These changes were specific to bone cancer pain because rats without tibia tumors failed to show an increase. The authors further demonstrated that administration of an inhibitor of p38MAPK suppressed tactile allodynia and spontaneous pain of the bone cancer pain in rats and also decreased the phosphorylation of p38 as well as the expression of IL-1b and TNF-a. To characterize the cellular events upstream of p38MAPK, these authors examined the role of the TLR4. They observed that prolonged knockdown of TLR4 could attenuate hyperalgesia and also phosphorylation of p38 and the increases in IL-1b and TNF-a. On the basis of these observations, these authors concluded that TLR4-dependent phosphorylation of p38MAPK in spinal cord of rats might contribute to the development and maintenance of bone cancer pain, and p38MAPK and TLR4 would possibly be the potential targets for pain therapy in cancer patients. 131 In another study, rats injected with prostrate cancer cells exhibited an increase in IL-1b and bone pain. 132 
Role of inflammatory molecules in anxiety
Anxiety can be described as vague, uneasy and unpleasant feelings of potential harm or distress. The symptoms of anxiety can be a reaction to the illness or can be related to the direct physiological effects of the disease or to drug therapies. Recent findings indicate that cancer patients facing death may often be plagued with recurrent unpleasant thoughts including fears of pain, death or dependency on others. 133 Research has indicated that anxiety increases with the diagnosis of cancer, peaks before surgical interventions and frequently remains high thereafter, declining gradually during the first postoperative years. 134 Although anxiety is common in cancer patients, we could find only one study showing a role for inflammatory molecules in cancer-related anxiety. That study evaluated the anxiety symptoms induced by IL-2 and/or INFa-2b in cancer patients. A total of 48 patients with renal cell carcinoma or melanoma were treated with subcutaneous IL-2 or INFa-2b, either alone or in combination. Although IL-2 alone had no effect, an enhancement in the anxiety scores was observed in the patients treated with IL-2 in combination with INFa-2b. 135 
Role of inflammatory molecules in cognitive impairment
Cognitive dysfunction in patients with cancer can include memory loss, distraction, difficulty with multitasking and mood disturbance. 29 Although the majority of reports have been focused on women with breast cancer, patients with lung cancer and malignant glioma also exhibit cognitive impairment. 136 As with other cancer-related symptoms, cognitive impairment in cancer patients may be due to cancer itself or its treatment. 137 -143 Although the underlying mechanism remains poorly understood, there is some evidence that increased proinflammatory cytokine production plays a role in the development of cognitive impairment in cancer patients. One clinical study showed an association between increased circulating levels of cytokines and cognitive impairment in patients with acute myeloid leukemia or myelodysplastic syndrome. These patients had higher circulating levels of IL-6 at diagnosis and poorer executive function. The higher level of IL-8 in these patients, however, was associated with better memory. 144 
Role of inflammatory molecules in sleep disorders
Sleep disorders include an array of problems that are characterized by difficulty in falling asleep, problems maintaining sleep, poor sleep efficiency, early awakening and excessive daytime sleepiness. Recent research has indicated that patients with cancer experience sleep disturbances. 145 -147 However, despite data correlating inflammatory molecules with sleep disorders, 148 -152 very few studies have shown a clear relationship between inflammatory markers and sleep disorder in cancer. In one study, 62 patients undergoing chemoradiation therapy for locally advanced non-small-cell lung cancer were examined. The severity of sleep disorder and serum IL-6 were examined on a weekly basis for 15 weeks using the MD Anderson Symptom Inventory. An increase in serum IL-6 was significantly correlated with increased mean severity of the disturbed sleep in these patients. 98 Another study proposed that elevated vascular endothelial growth factor plays a role in the development of poor sleep in cancer patients. 153 
Role of inflammatory molecules in delirium
Delirium (acute confusion state) is a common psychiatric complication of patients with cancer. 154 The incidence of the symptoms increases with the advancement of the disease. 155 In one study, 85% of terminally ill cancer patients suffered from delirium. 156 The causes for delirium in cancer patients are multifactorial and include metabolic abnormalities, infections, vascular complications, metastatic brain disease and treatment side-effects. 154 Studies showing the role of inflammatory cytokines in the development of delirium in cancer patients are lacking. However, IL-1, IL-6, IL-8 and TNF have been reported to induce delirium in general. 157 -160 One study examined the expression of proinflammatory cytokines in elderly patients with and without delirium. In patients with delirium, significantly more IL-6 and IL-8 levels were observed than in patients without delirium. 157 van Munster et al. investigated serum levels of TNF-a, IL-1b, IL-6, IL-8 and IL-10 in patients with and without delirium. Ninety-six percent of these patients had TNF-a, IL-1b and IL-10 levels below the detection level. Differences between patients with and without delirium were observed in IL-6 and IL-8 levels. Further comparison indicated that patients with the hyperactive or mixed subtype of delirium had higher IL-6 levels than patients with hypoactive delirium. Based on these observations, the authors concluded that IL-6 and IL-8 may contribute to the pathogenesis of delirium and that IL-6 may play a role in the hyperactive behavior of delirium. 161 
Regulation of cancer-related symptoms by nutritional agents
From the above discussion, it is clear that cancer-related symptoms are multifactorial, with NF-kB-mediated inflammatory molecules playing a major role. Therefore, approaches aiming to downmodulate production of these cytokines could be beneficial in reducing symptoms in cancer patients. One such anti-inflammatory approach could be the use of nutritional agents that have multitargeting properties, are cost-effective, have low toxicity and are immediately available. In this section, we will describe how nutritional agents such as curcumin, genistein, resveratrol, EGCG and lycopene can modulate inflammatory molecules. Although none of these agents have demonstrated potential to reduce symptoms in cancer patients, their ability to downmodulate production of inflammatory cytokines and the role of these cytokines in the causation of symptoms strongly suggest further investigation of the use of nutraceuticals for reducing symptom burden and improving quality of life.
Curcumin
Curcumin [1,7-bis(4-hydroxy 3-methoxy phenyl)-1,6heptadiene-3,5-dione] is a polyphenol derived from Curcuma longa (turmeric). Curcumin has been used for centuries throughout Asia as a food additive, cosmetic and traditional herbal medicine. It has been shown to reduce fatigue, neuropathic pain and cognitive function through modulation of inflammatory molecules in various models.
The ability of curcumin to reduce fatigue was investigated in a mouse model. Fatigue in the mice was induced immunologically by administration of LPS and Brucella abortus. 162 The assessment of chronic fatigue syndrome was based on the chronic water-immersion stress test for 10 min daily for 19 days, and the immobility time was taken as the marker of fatigue. Mice challenged with LPS or B. abortus for 19 days showed significant increases in the immobility time and hyperalgesia on day 19, as well as a marked increase in serum TNF-a levels. Concurrent treatment with curcumin resulted in significant decreases in the immobility time, hyperalgesia and TNF-a levels. These results indicated that curcumin can be a valuable option in the treatment of chronic fatigue syndrome. 162 In another mouse model, curcumin was found to reduce fatigue in association with decreases in IL-1b, IL-6 and TNF-a in soleus muscle. 163 The role of curcumin in reducing neuropathic pain in mice with streptozotocin (STZ)-induced diabetes was investigated. The treatment of mice with insulin in combination with curcumin significantly reduced diabetic neuropathic pain that was associated with a reduction in TNF-a level. 164, 165 Curcumin has also been shown to improve cognitive function in animal models. One study investigated the effect of curcumin on cognitive functions and inflammation in diabetic rats. These rats exhibited cognitive deficits in association with an enhancement in serum TNF-a level that was significantly attenuated after chronic treatment with curcumin (60 mg/kg). 166 The role of curcumin in improving body weight was evident from a recent study of patients with colorectal cancer. Curcumin administration (360 mg/day) for 10 -30 days in these patients significantly improved body weight that was associated with a significant decrease in serum TNF-a level. 167 Genistein Genistein, a natural isoflavonoid found in soybean products, has demonstrated potential to inhibit NF-kB activation and modulate inflammatory pathways. 168 -170 It has a weak estrogenic effect and well-known non-specific tyrosine kinase inhibitory activity at pharmacological doses. 171 Genistein has been shown to reduce neuropathic pain and anorexia through modulation of inflammatory molecules.
In a mouse model of STZ-induced diabetes, induction of neuropathic pain was associated with elevations in IL-1b, IL-6 and TNF-a. When genistein (3 and 6 mg/kg) was administered to these mice from the second week until the fifth week after disease induction, neuropathic pain and cytokine production were significantly alleviated. 170 Valsecchi et al. investigated the effects of genistein on neuropathic pain induced by mouse sciatic nerve chronic constriction injury. The authors investigated a number of molecular mechanisms possibly involved in the genistein-induced suppression of neuropathic hypersensitivity and found that suppression in neuropathic pain by genistein was associated with a reduction in NF-kB activation and IL-1b and IL-6 levels. 172 In one study that investigated the role of genistein in reducing anorexia, LPS was injected into the lateral ventricle of rats to induce anorexia. 173 Anorexia in these rats was inhibited by intracerebroventicular injections of IL-1b antibody and genistein. Furthermore, the decrease in body weight induced by injections of IL-1b (50 ng) was inhibited by genistein. These findings suggested that genistein mediates its effect on anorexia through modulation of IL-1b.
Resveratrol
Resveratrol (3,4 0 ,5-trihydroxy-trans-stilbene) has broadspectrum beneficial health effects, including anti-infective, antioxidant and cardioprotective functions. 174, 175 Although initially isolated in 1940 as an ingredient of the roots of white hellebore (Veratrum grandiflorum O. Loes), resveratrol has now been identified in extracts from more than 70 other plant species. 175, 176 The anticancer activities of resveratrol are mediated through modulation of several cell signaling molecules involved in cell cycle progression, inflammation, proliferation, apoptosis, invasion, metastasis and angiogenesis of tumor cells. 176 -178 Resveratrol has been shown to ameliorate neuropathic pain and cancer cachexia through modulation of inflammatory molecules. For example, the antinociceptive effect of resveratrol alone or in combination with insulin on diabetic neuropathic pain and on serum TNF-a level was investigated in a mouse model of STZ-induced diabetes. 165, 179 Diabetic mice exhibited significant hyperalgesia along with increased plasma glucose and decreased body weights compared with control mice. Daily treatment with resveratrol (5, 10 and 20 mg/kg) for four weeks starting from the fourth week of STZ injection was associated with a significant attenuation of thermal hyperalgesia. Resveratrol also decreased TNF-a levels in the serum in a dose-dependent manner in these diabetic mice. 165, 179 To assess the potential therapeutic benefit of NF-kB inhibitors on muscle wasting in cancer cachexia, resveratrol (30 mmol/L) was used in a murine model. Resveratrol completely attenuated proteolysis-inducing factor-induced protein degradation in murine myotubes, as well as the increase in activity and expression of the molecules of the ubiquitin -proteasome pathway. In addition, resveratrol significantly attenuated the weight loss and protein degradation observed in the skeletal muscle of mice bearing the cachexia-inducing MAC16 tumor and produced a significant reduction in NF-kB DNA-binding activity. These observations suggested that agents that inhibit NF-kB activation may prove useful for the treatment of muscle wasting in cancer cachexia. 180 Epigallocatechin gallate EGCG is chiefly present in green tea. It has potent antioxidative, chemopreventive and antitumor activity. 181 -187 Recent studies using mouse and rat models have indicated that EGCG can reduce fatigue and cognitive deficit through mediation of inflammatory molecules.
Sachdeva et al. produced chronic fatigue in mice by subjecting them to a forced swim inside a rectangular jar of specific dimensions for six minutes daily for 15 d. EGCG (25, 50 and 100 mg/kg) was administered daily 30 min before the forced swim session and immobility period, and post-swim fatigue was assessed on alternate days during the study. The authors observed a significant increase in TNF-a levels in the brain of mice subjected to water-immersion stress compared with the naive group. When the mice were treated with EGCG, behavioral and biochemical alterations were restored in a dose-dependent manner. The study suggested that EGCG could be of therapeutic potential in the treatment of chronic fatigue. 188 Consumption of alcohol during pregnancy has been shown to induce mental retardation and long-term cognitive and behavioral deficits in developing offspring. In one study, EGCG was found to ameliorate ethanol-induced cognitive deficit in rat pups in association with a decrease in TNF-a, IL-1b and NF-kB levels. 189 
Lycopene
Lycopene is a bright red carotene found in tomatoes and other red fruits and vegetables, such as red carrots, watermelons and papayas. Studies have claimed that lycopene decreases the risk for some chronic diseases, including cardiovascular and inflammatory diseases such as atherosclerosis and rheumatoid arthritis. 190, 191 Lycopene has been shown to inhibit NF-kB activity and to modulate inflammatory pathways. 192 -194 Two recent studies using mouse and rat models indicated that lycopene can improve neuropathic pain and cognitive deficit through mediation of inflammatory molecules. 195, 196 The effect of lycopene in ameliorating neuropathic pain was investigated in a mouse model of STZ-induced diabetes. Four weeks after a single intraperitoneal injection of STZ (200 mg/kg), mice were tested using the tail immersion and hot-plate assays. These mice exhibited significant hyperalgesia along with increased plasma glucose and decreased body weights compared with control mice.
Lycopene (1, 2 and 4 mg/kg) treatment, from the fourth to eighth week after STZ injection, significantly attenuated thermal hyperalgesia and the hot-plate latencies. In addition, lycopene also inhibited the TNF-a release in a dose-dependent manner. These results indicated an antinociceptive activity of lycopene that could possibly be mediated through its inhibitory action on TNF-a release. 196 Subsequently, this group examined the ability of lycopene to improve cognitive deficit in rats with STZ-induced diabetes. A deficit in the cognitive function in association with an increase in serum TNF-a level was observed in these diabetic rats. Chronic treatment of these rats with lycopene (1, 2 and 4 mg/kg) dose-dependently attenuated cognitive deficit and serum TNF-a level. The study emphasized the utility of lycopene in improving cognitive deficit in the diabetic rats. 195 
Flavopiridol
Flavopiridol is a flavone derived from a medicinal plant (Dysoxylum binectariferum) that is native to India. It is a potent cyclin-dependent kinase inhibitor, and its use is presently under investigation for a variety of solid tumors as well as hematological cancers. 197 -199 Although the nutraceuticals discussed so far have been shown to reduce symptoms, administration of flavopiridol was shown to induce symptoms in cancer patients. In a phase I clinical trial, infusion of flavopiridol for 72 h to patients with refractory malignancies was associated with fever, fatigue and pain, 200 which were later shown to be associated with an increase in the serum IL-6 level. 201 
Conclusions and future perspective
Cancer and its treatment produce multiple symptoms that collectively cause a symptom burden for patients and impair function and rehabilitation. Inflammatory cytokines are involved in the development and progression of cancer and cancer-related symptoms. These cytokines are pleiotropic in nature and in turn are regulated by NF-kB. Therefore, strategies to downmodulate NF-kB and cytokines seem highly promising for suppressing cancer-related symptoms. However, most of the studies conducted to date have found only correlation between the severity of the symptoms and inflammatory cytokines. Correlation does not necessarily indicate the cause, and how these cytokines induce symptoms is largely unknown. Furthermore, none of the studies has examined whether inhibiting NF-kB to downregulate a network of cytokines would be helpful for symptom reduction in cancer patients. Additionally, some cytokines such as IL-6 have also shown beneficial effects against cancer-related fatigue. Because of their multitargeting properties, low cost, low toxicity and immediate availability, the use of nutritional agents in reducing symptoms seems attractive. Although nutraceuticals have shown promising results against symptoms in non-cancer models, their potential against cancer is unknown. Observations that some nutritional agents, such as flavopiridol, worsen the symptoms provide further obstacles in reaching a conclusion. Future studies should therefore be directed towards better defining the mechanism involved in the induction of symptoms by inflammatory molecules and towards determining the potential of nutritional agents, using animal models relevant to human cancer.
